We study theoretically and experimentally the influence of a homogeneous static electric field on a photochemically accumulated stimulated photon echo in dye-doped polymers. The dependence of the time profile of the echo signal on the strength of the electric field is evaluated in the case of a linear Stark effect. Experiments using polymers doped with organic dye molecules are carried out at low temperature, and our new technique is applied to determine the difference of the permanent dipole moment in the ground and the first excited singlet electronic state of the impurity molecules.
INTRODUCTION
Narrow zero-phonon lines" 2 (ZPL's) are sensitive probes for studying the effect of external and internal electric fields on impurity molecules in solids. With organic impurity molecules doped into polymers, one can produce, by moderate applied field strengths, Stark shifts that are orders of magnitude larger than the homogeneous width of ZPL's at liquid-helium temperatures (hom 10-2-10-cm'1). On the other hand, the inhomogeneous broadening of ZPL's in organic polymers is remarkably large (AVjnhom -102 cm'1), so that the Stark shifts of ZPL's are completely obscured by inhomogeneous broadening of the spectra. Several methods based on persistent spectral hole burning', 4 (PSHB) and the application of narrowband tunable lasers for excitation, 5 7 as well as using the technique of holographic detection of narrow spectral holes, 8 9 have been developed to avoid the inhomogeneous broadening of spectra and to study the Stark effect in polymers.
An alternative approach to eliminating the inhomogeneous broadening of ZPL's is by time-domain coherent optical phenomena such as photon echo' 0 and, especially in PSHB media, the method of photochemically accumulated stimulated photon echo (PASPE)."" l 2 PASPE results from scattering (diffraction) of a probe pulse from a frequencydomain grating that has previously been written in the inhomogeneous frequency distribution of the ZPL's by illumination with sequences of coherent pulses."" 3 The origin of PASPE is similar to the phenomena of stimulated photon echoes '4 " 5 and to the photon echoes observed from transient spectral gratings because of population accumulation in the triplet bottleneck.' 6 The distinctive feature of PASPE is a practically infinite lifetime of the bottleneck state, actually given by the very long lifetime (hours, days) of the photoproduct state. The amplitude of PASPE is given by the Fourier transform of the shape of the grating in the frequency domain (at least so long as the scattering process is treated in linear terms' 7 ) and relates to the homogeneous line shape.
It is apparent that, if the Stark effect shifts the frequency of ZPL's, then it should also influence the coherent time-domain response of the media and facilitate, as a consequence, the determination of the Stark effect parameters of the impurity center. In addition, because the PASPE technique has several potential applications in time-domain holographic processing of ultrashort optical signals, 8 9 the effect of an external field on time-domain holograms must be investigated.
We have previously reported 2 0 that an external electric field alters the intensity of PASPE. At liquid-helium temperature, PASPE signals were accumulated in a polyvinylbutyral (PVB) film doped with chlorin molecules, and during the readout an electric field was applied.
When we increased the voltage applied across the sample, the intensity of the echo signal first decreased from its initial absolute maximum value to zero and then increased again when the voltage was further increased. The sensitivity of the echo signal to the applied Stark field was dependent on the time delay between the picosecond pulses used to write the frequency-domain grating, and the echo signal did not vanish only if the delay was made equal to zero. Reference 20 gives a qualitative explanation of the observed phenomena in terms of a set of spectral holes that constitute the grating: if the spectral profile of one narrow hole splits and broadens in the Stark field, then at a certain value of the splitting the contrast in the spectral domain vanishes, and so also does the intensity of the echo signal. When the Stark splitting of the holes is further increased, the contrast in the spectral domain increases again and the PASPE signal reappears. The lack of sensitivity to the electric field at zero delay is due simply to the absence of a frequency-domain grating: only a spatial grating exists.
To evaluate the behavior of the PASPE signal in an external field on a quantitative level, we need to consider how the Stark effect alters the resonance frequencies of ZPL's within the inhomogeneously broadened band. The time profile of the coherent response is then given by the Fourier transform of the altered ZPL frequency distribution function.
Recently a modulation of the photon-echo intensity as a function of an applied electric field was observed also in a crystalline system of Eu 3` in YAlO 3 . 2 22 On a qualitative level, the explanation of this phenomenon is similar to that 0740-3224/93/071149-10$06.00 © 1993 Optical Society of America nate successively a thin polymer film of thickness L doped with dye molecules that are subject to PSHB [see Fig. 1(a) ]. The film is positioned at plane z = 0 of the coordinate system, the illuminating pulses propagate toward the PSHB recording medium in the positive z-axis direction at angles 0, and 02 in the (x, y) plane, which are close to the normal incidence of the film. The polarization of the pulses is assumed to be linear; the electric component points in the direction of the y axis. The oscillating electric field incident upon the polymer film is given by
where q = (sin )0,0,cos El) and q 2 = (-sin 02,0, cos 02), T is the time delay between the pulses at the point of the origin (r = 0), n is the unit polarization vector, and c is the speed of light. We present the amplitude of the pulses by their Fourier transforms, given above. The differences between the two experiments come from much larger inhomogeneous and homogeneous linewidths of polymeric systems compared with those of crystals and from the random orientation of the dye molecules in polymeric matrices versus the orientational order of the impurity centers in a crystalline environment.
In this paper we derive general formulas that describe the dependence of the time profile of an arbitrary PASPE signal on the external electric field. Numerical results are presented for the case of linear Stark effect for impurity molecules with intrinsic-and matrix-induced permanent dipole moments. We also carry out experiments with PVB film doped with molecules of chlorin and octaethylporphyrin and compare the results of our model calculations with the experimental data.
THEORY
In this section we evaluate the general formulas that describe the dependence of the amplitude of PASPE on the homogeneous external electric field applied during the readout of the spectral grating. During the writing stage of the PSHB spectral grating the external electric field is zero.
Consider two plane-wave laser pulses of complex envelopes sl(t) and s 2 (t) with the spectrum centered around the optical carrier frequency vo. Let the pulses illumiand express the intensity of light absorbed by the molecules of certain ZPL frequency at coordinate x through the absolute square of the sum of the Fourier amplitudes: (3) where sin FD = sin 01 + sin 02 and where * denotes the complex conjugate.
The inhomogeneous distribution function, N(c, Q),
gives the number of impurity molecules per unit volume, per frequency interval Aw, per unit solid angle, that have the ZPL in the frequency interval (co, co + Awc) and are oriented with the transition dipole moment vector, d, pointing along unit vector fQ.
Here we assume a one-photon PSHB process in which the photoproduct does not absorb at the wavelength of the original inhomogeneous absorption band. If the amplitude of the incident light is sufficiently low' 7 and satisfies the condition
AWt1 << hFhom
IAdtli (4) where h is Planck's constant, then the number of burnedout molecules is linearly proportional to the number of absorbed photons. To achieve an appreciable contrast of the spectral grating under the weak excitation condition (4), we assume that the illumination is repeated (accumulated) many times while the interval between the illumination cycles are kept longer than the relaxation time of the x (a) (2) impurity excited electronic state (typically 10-s). The variation of the inhomogeneous distribution function caused by the illumination is (5) where N' is the chromophore concentration before illumination, (w)) is the homogeneous ZPL line-shape function, and C) denotes integral operation of a convolution. The constant qr is proportional to the quantum yield of the PSHB process, to the absorption cross-section of the ZPL's, and to the number of the accumulated pulse pairs.
Here we assume that the summary illumination dose is small so that the number of the remaining inpurity molecules is much larger than the number of bleached out molecules.
In a nonilluminated sample the transition dipole moments of the impurity molecules are isotropically oriented. We assume that before illumination the frequencies of ZPL's are statistically independent from the perposition of the molecular oscillator responses to the probe pulse. The amplitude of the induced oscillations of a molecular dipole depends on the detuning between the frequency of the driving optical field and the ZPL resonance frequency. The ZPL resonance frequency experiences a shift in an external electric field, and the new value of the frequency detuning is
where the Stark shift F depends on the orientation of the impurity molecule with respect to the vector of the applied static field. (We assume that the external field does not change the orientation of the dye molecules.) We consider the probe beam to be linearly polarized along the y axis and to propagate perpendicular to the PSHB film in the direction of the z axis [ Fig. 1(b) ]. The amplitude polarized along the y axis immediately behind the PSHB film is expressed by summing the responses of the impurity molecules with different resonance frequencies and orientations 7 1 8 '
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orientation of the molecules and that the concentration of the impurity molecules is spatially homogeneous. For simplicity we assume also that the spectral width of the pulses is much less than the width of the inhomogeneous absorption band. The inhomogeneous distribution function after the illumination is then
where a 0 = (27r) 2 vo-qLN(hc)-' and the angle brackets denote integration over the ZPL resonance frequencies CO' as well as over the orientations of the molecules, a. We have assumed here a Lorentzian line shape, IT.hom F(W) = co2 + (hom) 2 (9) (6) where N° is constant.
After the PSHB procedure is completed, we illuminate the sample with another pulse (probe pulse) of amplitude s 3 (t) , while, at the same time, we apply a homogeneous electric field E. The intensity of the probe pulse is taken low enough that it has a negligible effect on the inhomogeneous distribution function. The impurity molecules scatter the probe light resonantly, and because of the grating in the spatial and frequency distribution of the ZPL's, a fraction of the probe amplitude is diffracted in a direcand have neglected the phonon side band. In Eq. (8) the scattered amplitude is written as a separate term corresponding to the inhomogeneous distribution unaffected by the PSHB process in order to distinguish it from the time response that occurs from the bleached out spectral and spatial grating. The time response is expanded into Taylor series of which only the first two terms (the terms inside the braces) are kept. The exponential factor on the left-hand side of Eq. (8) is later omitted. The next step is to substitute Eqs. (3), (5), and (6) into Eq. (8) (10) tion different from the direction of the probe beam. The diffracted beam (PASPE) originates from the coherent su-+ aoF-"s3(CO)(
The first term on the right-hand side of Eq. (10) corresponds to the light beam that passes through the film without diffraction, and the second and the third terms correspond to the PASPE signal. After integrating over the variable w' and evaluating the inverse Fourier transform, we get, for the amplitudes of the echo signals,
x sin (
where we have introduced the function
Equation (la) describes the PASPE propagating in the direction q+,l = (-sin , 0,cos 1D), which corresponds to the first positive diffraction order. Equation (lib) describes the echo signal diffracted in the direction q_' = (sin (I, 0, cos cD) and corresponds to the first negative diffraction order. We see that the echo amplitudes are expressed as a convolution of the readout pulse amplitude with the time-domain amplitude response of the hologram. The time response function is, in turn, proportional to the function G multiplied by the cross-correlation function of the two writing pulses.
Let us assume now that s,(t) and s3(t) (reference pulses) are both much shorter than s 2 (t) (object pulse). [Equivalently, we may assume that the cross-correlation function of sl(t) and s3(t) is zero, with the exception of a sharp peak at time t = 0.] In other words, we assume the spectra of the pulses s, and S3 to be much broader than the one from S2, and we can approximate the amplitudes of the reference pulses with 8 functions. Then Eqs. (11) reduce to
We see from these equations that in both diffraction orders the time amplitude of the echo signal is multiplied by the same function G. This function fully characterizes the average Stark shifts of the ZPL's and is universal in the sense that it depends on the electric properties of the impurity centers and does not depend on the particular time profile (and spectrum) of the excitation pulses or on the width (and shape) of the homogeneous spectral line. Also, it follows from Eqs. (13) that the external field does not change the causality-related property of the diffraction direction 2 4 25 : If the delay between the writing pulses is positive over the cross section of the sample, > IXmaxC'1 sin F, then the echo signal in the -1 order is zero, and light is diffracted only into the +1 direction. In the opposite case (negative time delay), the diffraction takes place only in the negative order, and the reconstructed object pulse is inverted in time.
Equations (11)- (13) reflect the fact that Stark effect can manifest itself as a modulation of the time profile of PASPE. On the other hand, if the time profile of the object pulse is also a 8 function, then the echo amplitude is simply
In particular, it follows from Eq. (14) that the PASPE amplitude may be nonuniform over the cross section of the beam if the delay between the pulses differs much along the x axis.
Now we turn to the investigation of the first-order
Stark effect. The frequency shift depends linearly on the projection of the electric field vector on the direction of the vector difference between the static dipole moment in the ground and the excited electronic states and the Stark shifts is (15) F(E,Q) = -I E AIAmoIcos /S, h where G is the above-named angle. In our notation the value of the electric field includes the Lorentz-Lorenz correction factor for local field strength in an isotropic dielectric medium. Below we will assume that the angle between the writing beams is sufficiently small to minimize the spatial nonuniformity of the echo. Let the electric field be applied perpendicular to the (x, y) plane, i.e., perpendicular to the polarization vector of light. First we consider impurity molecules with only an intrinsic dipole moment. In this case the function G can be evaluated analytically: and C() are listed in Appendix A. We see that G is a function of a parameter given as tE. The amplitude of Eq. (14) varies with the electric field for all delay times qualitatively in the same way if the voltage is scaled according to U' = (t/t')U. We can also say that the dependence of the PASPE with a fixed time delay between the writing pulses on the applied voltage is given by the same function, as in the case of a fixed voltage and a variable time delay. Figure 2 shows the function G depending on tEj, calcu- (14)] is also zero. Such behavior can be interpreted if we considder that in our case Stark shifts occur both in increasing and in decreasing frequency direction (pseudo-Stark splitting). When the absolute frequency shift equals half the grating period, then the two oppositely shifted structures cancel each other, and the grating vanishes. If the Stark shift increases further, then the contrast of the frequencydomain grating is established again but with the phase shifted by half the period. Figure 3 illustrates how G varies with the magnitude of the permanent dipole moment difference. Here the value of 0 is set to 900. The position of the points where the PASPE signal is zero can serve as an indicator of the magnitude of A/u.mo11.
{2D[B(O)D 2 -2C(O)(6 -D 2 )](cos D) D + [A(O)D 4 -B(O)D(2 -
In the following calculation, we also take into account the induced dipole moment. This additional dipole moment is caused by the surrounding matrix and is connected to the electric polarizability of the dye molecule. 5 The static dipole moment difference is given now by the sum of the vectors, Aieff = ALmol + ALind, where Akind is the difference of the induced dipole moment in the ground and the excited electronic states. We discuss here only molecules with a planar structure, in which case all three vectors A/ind, A/Amol, and d are in the principal plane of the molecule. We modify Eq. (16) by averaging over the statistical distribution of AIiidl, (around a mean value of ((Auindl)), and average also over the direction of VL"ind.
The final expression is
The function P(AY, APuindl, /3) is detailed in Appendix A. Figure 4 shows the result of a numerical integration of Eq. (17). G is plotted for different values of (ind) and for = 90°. We see that the inclusion of the induced dipole moment in our model leads to faster decay of the amplitude with the increasing parameter tIE. At the same time, if the value of (A\,indI)/IAP'moI1 is less than approximately 0.5, the position of the zero point is practically not affected. On the other hand, if (Aindj)/Aimoj > 0.9, the zero points vanish and the amplitude of the oscilla- tions becomes smaller. In the limit of (IA/uiid) >> A/Amoll (centrosymmetric molecules), function G has neither zero points nor oscillations and is given by a smooth bellshaped profile.
EXPERIMENTAL
The experiments were carried out by using a DCM or Rhodamine 6B picosecond dye laser with an average power of 100 mW, synchronously pumped by a mode-locked frequency-doubled Nd:YAG laser (Coherent Antares Model 76s). The duration of the dye laser pulses is a few picoseconds, the spectral width of the pulses is in the frequency domain of 120 GHz, and the repetition rate of the picosecond pulses is 76 MHz.
Our samples were prepared by using the standard procedure of adding dye to a solvent containing dissolved polymer and pressing the polymer film after evaporation of the solvent between two heated glass plates coated with semitransparent electrodes. The strength of the electric field is calculated from the voltage applied to the electrodes (±1 kV) and from the measured distance between the glass plates (typically 50-150 pum) and by taking into account the Lorentz-Lorenz local field correction factor. The polymer we used was PVB, and it has a dielectric constant of e = 2.5. The experiments were carried out with two different types of sample. In one case the PVB was doped with chlorin molecules; in the other case the polymer contained the molecules of octaethylporphyrin. The concentration of the impurity molecules in both cases was of the order of 10' mol/L. During the experiments the sample was contained in an optical cryostat immersed in superfluid helium. The temperature was 1.6 K.
The optical scheme of our experiment is shown in Fig. 5 . The laser beam is expanded in a telescope and divided into a reference and an object beam by a nonpolarizing beamsplitter cube. Both beams are directed by mirrors to the sample with a crossing angle of 100. We can vary the delay of the object beam with respect to the reference beam in an interval of 0-1.0 ns.
The intensity in each of the beams during the PSHB procedure is approximately 1-10 mW/cm 2 . To write the hologram, we set the applied voltage to zero and expose our sample to both beams simultaneously for 30 s. After exposure, the object beam is blocked, and the readout reference beam is attenuated with a neutral-density filter.
The time-integrated intensity of the PASPE signal is measured by using a photomultiplier together with a conventional photon-counting system. A time-resolved measurement of the PASPE signal is carried out with a fast microchannel plate photodetector together with a timecorrelated signal photon-counting system. 26 To reduce the scattered light incident upon the detectors, we focused the PASPE signal through a pinhole. Fig. 6 . Intensity of the PASPE signal in chlorin/PVB film at 1.9 K versus the applied electric field. The experimental traces obtained with different delay values between the writing pulses (9 ps < t < 530 ps) are superimposed after scaling to tE and normalizing the signal intensity to unity at the absolute maximum. 
RESULTS AND DISCUSSION
We perform two types of experiment with our setup. In one case we study the time-integrated intensity of the PASPE depending on the Stark field and on the delay between the writing reference and object pulse. In the second experiment we record a hologram of an object pulse comprising a train of picosecond pulses and study the effect of the applied electric field on the time profile of the PASPE signal.
Our first experiment is to record a trivial time-domain hologram by illuminating the sample with the two writing beams of equal intensity and with the time profile of the pulses corresponding exactly to the output pulses of the dye laser. During exposure, we keep the time delay between the object and the reference beam constant. After exposure is complete, we block the beam that was delayed and illuminate the sample with only the attenuated beam of the shorter path length. The PASPE signal observed behind the sample is diffracting from the hologram in the direction of the blocked beam. We use a conventional photomultiplier and photon-counting system to detect the intensity of the PASPE signal depending on the voltage applied to the electrodes of the Stark cell. We make several exposures with different values of the time delay between the writing pulses in an interval of 0-600 ps. The different exposures are made at different spatial locations by moving the illuminated spot across the sample or by varying slightly (1 nm) the wavelength in order to find a virgin spectral interval of the inhomogeneous absorption band. Figure 6 shows the experimentally measured PASPE intensities as a function of the parameter tIEI. All traces follow basically the same profile, proving our theoretical conclusion that in the case of a linear Stark effect the influences of time delay and the electric field strength are reciprocal to each other.
In Fig. 7 , one selected experimental trace (t = 390 ps, bold, solid curve) is compared with two calculated curves. The first curve (dashed) is calculated according to Eq. (16) and shows a larger modulation amplitude than that observed in the experiment. The second curve (thin, solid) is calculated according to Eq. (17) and differs from the experimental curve by less than 1%. The best fit for the second curve is obtained with the value of the molecular dipole moment difference of 0.28 D and the value of the mean-induced dipole moment difference of 0.084 D. These values are in good agreement with earlier data. 5 Here the fitting of the experimental data with the calculated curves is simplified compared with that in earlier methods based on narrow spectral holes because we do not need to consider the homogeneous line shape of ZPL's. Figure 8 shows the result obtained with the impurity molecule octaethylporphyrin. We model the experimental data by a model curve calculated according to Eq. (17), where we set AILmol = 0. The best fit is obtained with the mean value of the matrix-induced dipole moment of (IA/Lindl) = 0.065 D. This value is also in reasonable agreement with the previously reported data for the same system (lind) = 0.10 D. 5 The absence of the permanent dipole moment in the case of centrosymmetric octaethylporphyrin molecules agrees well with the observed smooth dependence of the echo signal on the applied electric field. Now we turn to the experimental verification of Eqs. (13) , which state that changing the strength of the applied electric field modulates the time profile of a temporally extended PASPE signal. In this experiment we use a chlorin sample in a PVB film. To generate an object pulse with an amplitude extending in time longer than the duration of the laser pulses, we take a FabryPerot talon consisting of two highly reflecting flat mirrors and place it into the object beam before the cryostat. The time profile of the object beam reaching the sample now consists of a train of equally spaced pulses with a time delay (120 ps) between two adjacent ones given by the spacing of the interferometer mirrors. The reference beam is also delayed so that it arrives a few picoseconds earlier than the twelfth pulse of the object pulse train. The readout of the hologram is carried out by illumination with the reference beam. Because the writing reference pulse overlaps in time with the object pulse train, both positive and negative diffraction orders are simultaneously observed during the readout of the hologram. We detect the echo signal in the -1 diffraction order. Figure 9 (a) summarizes the experimental results. The width of individual pulses in the measured intensity profile of the PASPE time-domain hologram is defined by the time resolution of our apparatus (80 ps) rather than by the actual duration of the laser pulses (<5 ps). The uppermost trace was accumulated at zero voltage, and the curves below are presented in the order of increasing voltage (up to 11.2 kV cm-') applied during the measurement. As expected, the first PASPE pulse, which corresponds to a delay near zero, exhibits no variation with the electric field. With all other pulses, however, we can observe a dependence on the applied voltage. The effect of the electric field consists of a time-domain oscillating function that is superimposed upon the original PASPE pulse train. The pulses with the largest delay are most sensitive to the applied voltage.
In Fig. 9 (b) we present calculated curves that simulate the results of the experiment described above. We assume that the PASPE time-domain hologram in the zero electric field consists of an exponentially decreasing train of 6-shaped pulses. The intensity profile of the pulse train is multiplied by function G 2 , calculated according to Eq. (17) , and by taking the values of the Stark parameters found from our previous experiment. The result is then convoluted with the prompt time response function of our time-correlated single-photon-counting apparatus, which is determined in a separate measurement. Good agreement found between Figs. 9(a) and 9(b) can be interpreted as additional proof of our theoretical considerations summarized in Eqs. (13) .
Besides the possibility of measuring the Stark effect parameters, our method provides an additional capability to (a) the technique of the time-domain holography. For example, analogous to the electric field domain multiplexing and interference of PSHB holograms, 5 an applied external field can also be used to manipulate time-domain holograms written at different values of the electric field.
CONCLUSIONS
We have demonstrated a new experiment in which Stark effect manifests itself as the dependence of the intensity of the PASPE on applied electric field. We showed that this dependence can be used to determine the intrinsic and induced dipole moment difference of dye molecules in polymeric matrices at low temperature. We also evaluated theoretically and experimentally the influence of the external electric field on the time-domain holograms stored by means of PSHB. . -2 i2 -3 0 500 1000 1 500
